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Cucumber mosaic cucumovirus (CMV) and brome mosaic bromovirus (BMV) have many similarities, including the
three-dimensional structure of virions, genome organizations, and requirement of the coat protein (CP) for cell-to-cell
movement. We have shown that a chimeric BMV with the CMV 3a movement protein (MP) gene instead of its own cannot
move from cell to cell in Chenopodium quinoa, a common permissive host for both BMV and CMV. Another chimeric BMV was
constructed by replacing both MP and CP genes of BMV with those of CMV (MP/CP-chimera) and tested for its infectivity
in C. quinoa, to determine whether the CMV CP has some functions required for the CMV MP-mediated cell-to-cell movement
and to exhibit functional difference between CPs of BMV and CMV. Cell-to-cell movement of the MP/CP-chimera occurred,
and small local lesions were induced on the inoculated leaves. A frameshift mutation introduced in the CMV CP gene of the
MP/CP-chimera resulted in a lack of cell-to-cell movement of the chimeric virus. These results indicate that the viral
movement mediated by the CMV MP requires its cognate CP. Deletion of the amino-terminal region in CMV CP, which is not
obligatory for CMV movement, also abolished cell-to-cell movement of the MP/CP-chimera. This may suggest some
differences in cell-to-cell movement of the MP/CP-chimera and CMV. On the other hand, the sole replacement of BMV CP
gene with that of CMV abolished viral cell-to-cell movement, suggesting a possibility that the viral movement mediated by the
BMV MP may also require its cognate CP. Functional compatibility between MP and CP in viral cell-to-cell movement is
discussed. © 1999 Academic Press
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Cucumber mosaic virus (CMV) and brome mosaic vi-
us (BMV) are type members of the genera Cucumovirus
nd Bromovirus, respectively. The three-dimensional
tructure of virions shows strong similarities between
hese two virus genera (Wikoff et al., 1997). Genome
rganizations of CMV and BMV are also similar; their
enomes are divided into three RNA components (Ahl-
uist, 1994; Palukaitis et al., 1992). RNAs 1 and 2, encod-
ng 1a and 2a proteins, respectively, are involved in viral
eplication (French et al., 1985; Hayes and Buck, 1990;
itta et al., 1988). In addition, CMV encodes a second
rotein, 2b, on RNA 2, which plays a role in systemic
pread of the virus and virulence determination, possibly
y suppressing a host RNA silencing mechanism
Brigneti et al., 1998; Ding et al., 1995b). RNA 3 encodes
wo proteins dispensable for viral replication. The 59
roximal open reading frame (ORF) on RNA 3 is the 3a
rotein, designated the movement protein (MP) of these
iruses (Mise et al., 1993; Ding et al., 1995a), and the 39
roximal ORF is the coat protein (CP) that is translated
1 To whom correspondence and reprint requests should be ad-
wressed. Fax: 85-75-753-6131. E-mail: nagano@kais.kyoto-u.ac.jp.
042-6822/99 $30.00
opyright © 1999 by Academic Press
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226rom a subgenomic RNA 4 (Miller et al., 1985; Boccard
nd Baulcombe, 1993).
Cell-to-cell movement of plant viruses is assumed to
ccur through plasmodesmata, which are intercellular
onnections between plant cells that permit movement
f macromolecules (reviewed by Carrington et al., 1996;
ucas, 1995). Virus-encoded MPs have been shown to
otentiate this process. Plant viruses can be divided into
ore than two groups according to their mechanism of
ell-to-cell movement. One group of viruses, represented
y tobacco mosaic tobamovirus (TMV), does not require
P for cell-to-cell movement, whereas another group of
iruses, represented by cowpea mosaic comovirus, re-
uires CP. In the former case, the MP induces an in-
rease in the size exclusion limit of the plasmodesmata
ermeable space (Lucas, 1995; Wolf et al., 1989), and the
P–viral RNA complex is believed to move through the
pace (Citovsky, 1993). In the latter case, the MP partic-
pates in the formation of tubular structures that extend
rom plasmodesmata and in which virus-like particles
re detected (van Lent et al., 1991). In addition, both
obacco etch potyvirus (Dolja et al., 1994) and potato
irus X (Oparka et al., 1996) require CP, but tubule-
ediated virion transport has not been reported.
Because they share genetic and functional propertiesith MPs of other plant viruses, the MPs of CMV (Ding et
a
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227MP AND CP COMPATIBILITY IN VIRUS MOVEMENTl., 1995a; Itaya et al., 1997; Kaplan et al., 1995; Li and
alukaitis, 1996; Schmitz and Rao, 1996; Suzuki et al.,
991) and BMV (Fujita et al., 1998; Jansen et al., 1998;
ise et al., 1993) should play essential roles in the
ntercellular transport of the viral genomes. In addition to
he MP, the CP is indispensable for the movement of
MV (Canto et al., 1997) and BMV (Schmitz and Rao,
996). Thus it is likely that the CPs of these viruses have
ome functions obligatory for viral cell-to-cell movement.
owever, there are several instances suggesting that the
equired forms of CP in virus movement are distinct
etween the viruses. BMV mutants unable to form virions
ail to move from cell to cell (Rao, 1997; Rao and
rantham, 1995; Schmitz and Rao, 1996), and wild-type
MV induces tubular structures containing virion-like
articles on the surface of the infected protoplasts
Kasteel et al., 1997). BMV is most likely to move from cell
o cell as a virion form. On the other hand, CMV mutants
ncapable of virion formation can move from cell to cell
Kaplan et al., 1998; Schmitz and Rao, 1998), and tubular
tructures have not been found between cells in wild-
ype CMV-infected plants (Blackman et al., 1998; Ding et
l., 1995a). Therefore, CMV has been considered to move
s a nonvirion form.
The MP gene of BMV has been precisely replaced
ith that of the CMV Y strain (CMV-Y) (Nagano et al.,
997). The chimeric virus (MP-chimera) is not infectious
n Chenopodium quinoa because the wild-type CMV MP
annot promote efficient cell-to-cell movement of the
himeric BMV genome. However, deletion of the car-
oxyl-terminal 33 amino acids of CMV MP enables the
utant chimeric virus to move from cell to cell in the
lant. It is generally accepted that cell-to-cell movement
f plant viruses occurs as a result of successful interac-
ions between the MP, the other viral components, and
ost factors (Carrington et al., 1996). Because C. quinoa
s a permissive host for efficient cell-to-cell movement of
oth BMV and CMV, it is most likely that each of the viral
ncoded proteins successfully interacts with the host
ounterparts. The CMV MP has binding activity to single-
tranded RNA in vitro in a sequence nonspecific manner
Li and Palukaitis, 1996). Together with the results de-
cribed above, it is suggested that the wild-type CMV MP
ay be unable to interact successfully with BMV-en-
oded proteins, but removal of the carboxyl-terminal 33
mino acids from the CMV MP may make such interac-
ions successful and facilitate viral cell-to-cell movement
Nagano et al., 1997). On the other hand, the CP gene has
een exchanged between BMV and CMV (Osman et al.,
998). The chimeric CMV with the BMV CP gene failed to
nfect C. quinoa plants, suggesting that the BMV CP gene
s not able to successfully substitute for the functions of
he CMV CP. Taken together, these results raise the
ossibility that the cognate CP may be required for the
stablishment of cell-to-cell movement mediated by the
MV MP. gHere we show that a chimeric BMV in which both the
P and CP genes were precisely replaced with the
orresponding genes of CMV-Y (MP/CP-chimera) moves
rom cell to cell in C. quinoa. This suggests that the
ognate CP is required for cell-to-cell movement medi-
ted by the CMV MP. Functional compatibility between
P and CP in viral cell-to-cell movement is discussed.
RESULTS
NA 3 derivatives
RNA 3 derivatives used in this study and their abbre-
iations are summarized in Fig. 1. Each of the derivatives
as inoculated together with the appropriate parental
NAs 1 and 2 as a mixture of in vitro transcripts. The
noculum and its progeny were named after the charac-
er of the RNA 3 [e.g., BMV RNAs 1 and 2 and B3(Cmp/
cp) as MP/CP-chimera]. Either MP or CP gene of BMV
as precisely replaced with the corresponding gene of
MV. However, the replaced CMV MP gene had one
ranslationally silent mutation at the codon encoding the
ast amino acid residue of the CMV MP, CUU 3 CUC,
nd the replacement of CP gene resulted in a single
ucleotide substitution, U 3 G, at the 39 noncoding
egion next to the termination codon of the CMV CP
FIG. 1. Characteristics of BMV or CMV RNA 3 mutants. (A) Schematic
iagrams and abbreviations of chimeric viruses. Wild-type BMV RNA 3
B3) and CMV RNA 3 (C3) are also shown. The noncoding sequences
f B3 and C3 are represented as thick and thin lines, respectively. The
pen reading frames encoded by B3 and C3 are represented as closed
nd open boxes, respectively. Coinoculated wild-type RNAs 1 and 2 are
hown at the left, and abbreviations of the inoculum and its progeny
irus at the right. (B) Amino-terminal sequences of translational prod-
cts from the CMV CP gene of wild-type (WT), frameshift mutant (FS),
nd DSN-mutant (DSN). The amino acid residues different from those of
ild-type due to a frameshift mutation are indicated in lowercase
etters. An asterisk indicates the termination codon, and hyphens indi-
ate amino acid residues deleted from amino-terminal proximal region
f the CMV CP.ene.
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228 NAGANO ET AL.stablishment of cell-to-cell movement of the
himeric BMV by replacing both MP and CP genes
ith the corresponding genes of CMV
Previously we demonstrated that the MP-chimera
ailed to move from cell to cell in C. quinoa plants (Na-
ano et al., 1997). To verify the possibility that the cog-
ate CP (CMV CP), instead of BMV CP, is required for
stablishment of cell-to-cell movement mediated by the
MV MP, the MP/CP-chimera was tested for its infectivity
FIG. 2. Local lesion formation on the inoculated C. quinoa leaves. Th
he MP/CP- (MP/CP) chimeras. The photographs were taken at 6 (wild-t
.i.n C. quinoa plants. In this plant, wild-type BMV induces eore than 200 chlorotic lesions, whereas wild-type CMV
nduces 20–50 necrotic lesions in the inoculated leaves
Nagano et al., 1997). No visible symptoms were ob-
erved in control plants inoculated with the MP-chimera.
n contrast, local lesions appeared at 6–7 days postin-
culation (days p.i.) on the leaves inoculated with the
P/CP-chimera. However, the number of local lesions
10–50) induced by the MP/CP-chimera was much fewer
han that by wild-type BMV (Fig. 2). These lesions did not
la were the wild-type BMV (BMV) and the MP- (MP), the CP- (CP), and
V), 7 (the MP/CP-chimera), and 14 (the MP- and the CP-chimeras) dayse inocu
ype BMnlarge with time and remained pinpoint size (0.5–1.0
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229MP AND CP COMPATIBILITY IN VIRUS MOVEMENTm in diameter). These inoculated leaves were analyzed
y press blot hybridization. Although 10–50 visible le-
ions were consistently observed, only several dis-
ersed signals were detected in the press blots of leaves
noculated with the MP/CP-chimera at 7 days p.i. (Fig. 3).
uch signals, however, were not detected at 1 day p.i.
data not shown). Signals at 14 days p.i. were weaker
han at 7 days p.i. (data not shown). No signal was
etected in leaves inoculated with the MP-chimera at
ny time tested (Fig. 3). These results indicate that the
P/CP-chimera has the ability to move from cell to cell.
ffects of mutation in the CP gene of the MP/CP
himera
To verify that cell-to-cell movement of the MP/CP-
himera was dependent on the CMV CP itself, a CP-
efective frameshift mutation was introduced in the CMV
P gene of this chimera (Fig. 1B). The CP-defective
utant of the MP/CP-chimera did not induce any visible
ymptoms on C. quinoa leaves during the experimental
eriod (14 days). No viral RNA was detected from the
noculated leaves by press blot analysis (data not
hown). The corresponding frameshift mutation in CMV
bolished viral cell-to-cell movement in C. quinoa leaves
data not shown), supporting the requirement of func-
ional CP for CMV movement. These results indicated
hat the CP-defective frameshift mutant of MP/CP-chi-
era was not able to move from cell to cell to detectable
evels and that the intact CP was essential to establish
iral cell-to-cell movement mediated by the CMV MP.
The results obtained above raise the question of
hether the movement of the MP/CP-chimera occurred
y the same mechanism as that of wild-type CMV. If so,
mutant of the MP/CP-chimera encoding a truncated
MV CP, in which the amino-terminal proximal region
ispensable for CMV movement (Kaplan et al., 1998;
chmitz and Rao, 1998; Suzuki et al., 1991) was deleted,
FIG. 3. Press blot analysis of the inoculated C. quinoa leaves. Inocu
n the legend to Fig. 2. The press blots were prepared at 7 days p.i. ex
hey were hybridized with a 32P-labeled riboprobe complementary to th
xposed to X-ray film. Mock indicates inoculated with buffer only; BMVhould move from cell to cell. To test this possibility, a eSN-mutant of the MP/CP-chimera was constructed (Fig.
B) and tested for its infectivity in C. quinoa plants. The
SN-mutant of the MP/CP-chimera induced no visible
ymptom during the experimental period (14 days), and
iral RNA was not detected by press blot analysis at any
ime tested (1, 7, and 14 days p.i.; data not shown).
ontrol inoculation of a CMV mutant with the corre-
ponding deletion in the CP gene (DSN-CMV) induced
ocal lesions in the inoculated leaves. These lesions
ppeared at 6 days p.i., 2 days later than for wild-type
MV, and enlarged during the experimental period. Viral
NAs were detected by press blot analysis in the inoc-
lated leaves (data not shown). These results may sug-
est some differences between cell-to-cell movement of
he MP/CP-chimera and CMV.
ailure of the CP gene of CMV-Y to functionally
ubstitute for that of BMV in cell-to-cell movement
CMV is classified into two subgroups, I and II, on the
asis of serological relationships, peptide mapping of
he viral CP, and nucleic acid hybridization analysis
Palukaitis et al., 1992). It has been shown that the CP
ene of CMV does not substitute functions of that of BMV
sing the CP gene of the CMV Kin strain (CMV-Kin),
hich belongs to the subgroup II (Osman et al., 1998). We
ested the CP gene of CMV-Y, belonging to the subgroup
, for the ability to substitute functions of the BMV CP
ene. A chimeric BMV (CP-chimera), in which the CP
ene alone was precisely replaced with that of CMV-Y,
nduced no visible symptom on C. quinoa plants during
he experimental period (14 days; Fig. 2). The possibility
f a symptomless infection was examined by press blot
ybridization analysis of the inoculated leaves. No sig-
als were detected from these leaves at any time tested
Fig. 3 and not shown). These results indicate that the
MV-Y CP gene, as well as that of the CMV-Kin (Osman
indicated above each panel with the abbreviations identical to those
r the blot of a BMV-inoculated leaf, which was prepared at 3 days p.i.
ive strand conserved 39 terminal sequence of all BMV RNAs, and then
24-fold shorter exposed image of “BMV.”la were
cept fo
e positt al., 1998), did not substitute for the functions of the
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230 NAGANO ET AL.MV CP gene in viral cell-to-cell movement mediated by
he BMV MP.
omparison of the chimeric viruses in protoplast
nfection
Viral RNA accumulations in infected C. quinoa proto-
lasts were compared among the chimeric viruses by
orthern blot hybridization. The relative levels of RNA
ccumulation was estimated on the basis of data from
ig. 4 and two other experiments. The sum accumulation
f all four positive-strand viral RNAs decreased to 85%,
0%, and 10% of the level of wild-type BMV in protoplasts
noculated with the MP-, CP-, and MP/CP-chimeras, re-
pectively (Fig. 4A). In protoplasts inoculated with the
P-chimera, the accumulation level of RNA 3 compared
ith RNAs 1 and 2 was reduced to 13% of the level of the
ild-type BMV as previously described (Nagano et al.,
997). In protoplasts inoculated with either the CP- or
P/CP-chimeras, the accumulation levels of RNA 4 as
ell as those of RNA 3 decreased compared with RNAs
and 2. The relative levels of RNA 3 of the CP- and
P/CP-chimeras were 21% and 16%, respectively,
hereas those of RNA 4 were 40% and 34%, respectively.
n the other hand, accumulation of negative-strand viral
NAs was also compared (Fig. 4B). Although negative-
trand RNAs 1 and 2 of the chimeric viruses accumu-
ated to the level comparable to those of wild-type BMV,
ccumulation of negative-strand RNA 3 decreased com-
ared with that of wild-type BMV RNA 3. The levels of the
himeric negative-strand RNA 3 in protoplasts inoculated
ith the MP-, CP-, and MP/CP-chimeras were 47%, 20%,
FIG. 4. Accumulation of viral RNA in infected C. quinoa protoplasts.
otal RNA extracted from 5 3 104 infected protoplasts was applied to
ach lane. Mock indicates inoculated with buffer only. Detection of
ositive- or negative-strand viral RNAs by Northern blot hybridization
ith 32P-labeled riboprobes are shown in panels A and B, respectively.
otal RNA was extracted at 24 h postinoculation. Positions of wild-type
nd chimeric BMV RNAs are indicated.nd 10% of that of wild-type, respectively. These results auggest that the CMV CP gene affected the accumula-
ion of the chimeric viral RNA. However, there was, no
orrelation between the levels of viral RNA accumulation
n protoplasts and the ability in cell-to-cell movement of
he chimeric viruses.
Expression of CMV MP and CP in the infected pro-
oplasts was investigated by immunodetection (Figs.
, A and B). Using antiserum specific for CMV MP, an
nfection-specific band was detected from protoplasts
noculated with either the MP- or MP/CP-chimera (Fig.
A). The accumulation level of the CMV MP of either
himera was not less than that for wild-type CMV.
mmunodetection using antiserum specific for CMV
irions showed that the accumulation levels of CMV
P were similar in either the CP- or the MP/CP-chi-
era and were comparable to that of wild-type CMV
Fig. 5B). No positive correlation was observed be-
ween the accumulation levels of either CMV MP or CP
nd the establishment of viral cell-to-cell movement.
mmunoblot analyses of these infected protoplasts
howed that BMV CP of the MP-chimera and BMV MP
f the CP-chimera accumulated to the levels compa-
able to those of wild-type BMV (Figs. 5, C and D).
DISCUSSION
The CP is indispensable for cell-to-cell movement of
oth CMV and BMV. However, it is unclear how the CPs
re involved in the process of intercellular transport of
he viral genome. We have shown that the replacement
f the BMV MP gene with that of CMV abolishes cell-to-
ell movement of the chimeric virus (the MP-chimera in
his report and Nagano et al., 1997). The additional re-
lacement of the BMV CP gene in the MP-chimera with
FIG. 5. Immunodetection of MPs and CPs in infected C. quinoa
rotoplasts. Total proteins extracted from 3 3 104 infected protoplasts
t 24 h postinoculation were loaded onto each lane and fractionated by
DS–PAGE. Mock, inoculated with buffer only. Panels A and B show
mmunodetection of the MP and CP of CMV using anti-CMV-MP and
nti-CMV antisera, respectively. Panels C and D show immunodetec-
ion of the MP and CP of BMV using anti-BMV-MP and anti-BMV
ntisera, respectively.
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231MP AND CP COMPATIBILITY IN VIRUS MOVEMENThat of CMV enables the resulting chimeric virus (the
P/CP-chimera) to move from cell to cell. On the other
and, the replacement of the CMV CP gene with that of
MV also abolishes cell-to-cell movement of the chi-
eric virus (Osman et al., 1998). These results suggest
hat some function of the CMV CP gene is required for
he establishment of viral movement mediated by the
MV MP. A CP-frameshift mutation in the CMV CP gene
f the MP/CP-chimera resulted in failure of the chimeric
irus to move from cell to cell, indicating that the CP
tself, but not its encoding nucleotide sequence, is re-
uired for establishing viral cell-to-cell movement medi-
ted by the CMV MP. Thus it was suggested that the
MV CP has some functions specifically required for the
MV MP-mediated viral cell-to-cell movement. Similarly,
he BMV CP may have some functions specific for the
MV MP-mediated movement. Replacement of the BMV
P genes with that of CMV-Y (subgroup I) as well as
MV-Kin (subgroup II; Osman et al., 1998) results in the
ailure of viral cell-to-cell movement in the inoculated
eaves. In the case of BMV movement, however, func-
ions of virus particles consisting of the BMV CP might be
equired because virion formation is considered to be
ecessary for the movement (Rao and Grantham, 1995;
chmitz and Rao, 1996; Rao, 1997). Although the CMV CP
an encapsidate chimeric BMV RNAs (Osman et al.,
998), virus particles consisting of the CMV CP may not
e able to substitute for the functions of BMV virion.
The requirement of the cognate CP is a unique char-
cter of the CMV MP and possibly the BMV MP. MPs
ncoded by diverse families of plant viruses share their
unctions and are genetically interchangeable in many
ases. Chimeric viruses that can systemically infect
ommon host plants for the parental viruses have been
reated by replacing the MP gene of cowpea chlorotic
ottle bromovirus (CCMV) with that of sunn-hemp mo-
aic tobamovirus (De Jong and Ahlquist, 1992) or by
eplacing the MP gene of TMV with that of red clover
ecrotic mosaic dianthovirus (Giesman-Cookmeyer et
l., 1995). These viruses are taxonomically divergent, but
one of them require CP for cell-to-cell movement (Daw-
on et al., 1988; Rao, 1997; Takamatsu et al., 1987; Xiong
t al., 1993). In these cases, it is most likely that the
ranslocated MP genes function successfully without
heir cognate CP. Although BMV requires its CP in cell-
o-cell movement, movement-competent chimeric virus
an be created by exchanging the MP genes between
embers of the genus Bromovirus, BMV and CCMV
Mise et al., 1993). CPs of these closely related viruses
how significant amino acid sequence homology (70%;
peir et al., 1995), and these CP genes are freely ex-
hangeable (Osman et al., 1997). Movement-competent
eassortants can be created by exchanging RNA 3 be-
ween BMV and CCMV (Allison et al., 1988). Therefore, it
s likely that the BMV MP is compatible with other CCMV-
ncoded proteins. lBMV and CMV are categorized into different genera
elonging to the family Bromoviridae, and both require
heir CP in cell-to-cell movement. In contrast to the cases
escribed above, our previous study showed that re-
lacement of the BMV MP gene with that of CMV abol-
shed cell-to-cell movement (Nagano et al., 1997). As
hown in this report, additional replacement of the BMV
P gene with the CMV CP gene in the chimeric RNA 3
as necessary for the establishment of cell-to-cell move-
ent of the chimeric virus. Thus the noninterchangeabil-
ty of the CMV MP gene with that of BMV is most likely
ue to the requirement of the cognate CP by the CMV
P. On the other hand, deletion of the carboxyl-terminal
3 amino acids of the CMV MP enables the chimeric
irus to move from cell to cell (Nagano et al., 1997). The
ild-type CMV MP, with support of its cognate CP, can
ediate the cell-to-cell movement of a heterologous viral
enome. These results suggest that the amino-terminal
ortion of the CMV MP shares similar functions with the
MV MP. Although the reason why the truncated CMV
P can facilitate the chimeric virus movement is not
lear, it is possible that the carboxyl-terminal 33 amino
cids of the CMV MP may mask the ability of the protein
o transport a heterologous viral genome and that the
MV CP can cancel the masking. Alternatively, the wild-
ype CMV MP, but not the truncated one, might induce a
ost resistance that could be suppressed by the CMV
P.
The local lesions induced by the MP/CP-chimera were
uch fewer than those induced by wild-type BMV and
id not enlarge. Besides MP and CP, replicase contrib-
tes to BMV movement (Traynor et al., 1991). Similarly,
actors encoded in either RNA 1 or 2 affect CMV move-
ent (Ding et al., 1995b; Gal-On et al., 1994; Hellwald and
alukaitis, 1995). The inadequate cell-to-cell movement
f the MP/CP-chimera may be caused by either the
bsence of the required CMV factors or an incompatibil-
ty between the BMV and CMV factors. We have shown
hat the MP/CP-chimera moves from cell to cell, whereas
he DSN-mutant of the MP/CP-chimera does not. The
eletion of amino-terminal proximal region in the CMV
P that resulted in failure of CMV to form virus particles
Kaplan et al., 1998; Schmitz and Rao, 1998; Suzuki et al.,
991) abolished the movement of the MP/CP-chimera
utant in inoculated leaves but not that of CMV. These
nparallel results may suggest a difference between the
P/CP-chimera and CMV in the mechanism of intercel-
ular movement. The cumulative data have suggested
hat BMV moves in a virion form (Rao and Grantham,
995; Schmitz and Rao, 1996; Rao, 1997), whereas CMV
n a nonvirion form (Kaplan et al., 1998; Schmitz and Rao,
998; Suzuki et al., 1991), although both requires the CP
n cell-to-cell movement. Osman et al. (1998) demon-
trated that the BMV genome can be encapsidated by
he CMV CP into virion-like particles in vivo. Thus it is
ikely that the MP/CP-chimera can form virus particles in
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232 NAGANO ET AL.he infected plant cells similar to the CP-chimera. This
dea may be supported by our data that in protoplasts,
iral RNAs of the MP/CP-chimera accumulated to the
evel similar to that of the CP-chimera. To date, the
ntercellular trafficking forms of plant viruses have not
een clearly determined. Similarly, it is very difficult to
ake it clear whether the MP/CP-chimera moves as
irions or not. Osman et al. (1998) described that the
ncapsidation of the chimeric BMV by the CMV CP is
nefficient. Thus the putative virions of the MP/CP-chi-
era would also be inefficiently assembled. This might
xplain the limited spread of the MP/CP-chimera.
Although the DSN-mutant of the MP/CP-chimera did
ot induce local lesions and did not accumulate its viral
NAs in the inoculated leaves to the level detectable by
ress blot analysis, the possibility that it might move
hrough several cells cannot be excluded. The truncated
MV CP is less efficient than the wild-type CP in facili-
ating the cell-to-cell movement of CMV, because the
ocal lesions appeared later in leaves inoculated with the
SN-CMV than with wild-type CMV. Therefore, the gene
eplacement and the truncation of the amino-terminal
roximal region in the DSN-mutant of the MP/CP-chi-
era may synergistically affect viral movement. Ineffi-
ient cell-to-cell movement may induce host responses
hat restrict viral infection within several cells (Mise and
hlquist, 1995). Cooperation with the other CMV factors
ight be required for the movement of the DSN-mutant of
P/CP-chimera to the detectable levels.
MATERIALS AND METHODS
DNA clones and in vitro transcription
Plasmids pBTF1, pBTF2, and pBTF3W contain the full-
ength cDNAs of RNAs 1 (B1), 2 (B2), and 3 (B3) of the
ild-type BMV (the KU2 strain), respectively (Mise et al.,
992, 1994; Mori et al., 1991). The plasmid pT7B3CKY3
ontains the full-length cDNA of chimeric BMV RNA 3
ith the CMV MP gene instead of the BMV MP gene
B3(Cmp); Nagano et al., 1997]. Plasmids pCY1-T7 and
CY2-T7 (generous gifts from S. Kuwata and M. Suzuki)
ontain the full-length cDNAs of CMV-Y RNAs 1 (C1) and
(C2), respectively (Suzuki et al., 1991). pT7CKY3 con-
ains the full-length cDNA of RNA 3 (C3) of the CMV-Y
train (Nagano et al., 1997).
Substitution of the CP gene of BMV with that of CMV
as done according to the strategy used for replacing
MV genes with foreign genes (Mori et al., 1993). Re-
triction sites NsiI and BlnI were introduced into the
nitiation and termination codons of the BMV MP gene
ncoded in pBTF3W, respectively, using site-directed
utagenesis (Kunkel, 1985). Similarly, NsiI and XbaI sites
ere introduced into the initiation and termination
odons, respectively, of the CMV CP gene encoded in
T7CKY3 (Nagano et al., 1997). Replacement of these CP
enes was done using standard molecular biology tech- liques (Sambrook et al., 1989). The resulting plasmid
as designated as pT7B3CYcp, in which cDNA of chi-
eric BMV RNA 3 with the CMV CP gene [B3(Ccp)] was
ontained. The precise replacement except for one nu-
leotide substitution described in Results was confirmed
y sequencing of pT7B3CYcp.
A plasmid pB3C3a/Ccp containing a chimeric BMV
NA 3 with CMV MP and CMV CP gene [B3(Cmp/Ccp)]
as created by replacing the BglII–EcoRI fragment con-
aining the CP gene of BMV in pT7B3CY3a with that in
T7B3CYcp. Frameshift mutants of C3 and B3(Cmp/Ccp)
as made from pT7B3C3a/Ccp and pT7CKY3, respec-
ively, by duplicating four bases (TCGA) within SalI site in
he CMV CP gene. To generate the DSN-mutants of the
P/CP-chimera and CMV, either pT7B3C3a/Ccp or
T7CKY3 was digested with SalI. After the protruding
nds were filled in with T4 DNA polymerase and dNTPs,
he plasmid was digested with NruI and then self-ligated.
In vitro transcripts were synthesized from these plas-
ids by T7 RNA polymerase after linearizing with appro-
riate restriction endonuclease (Mise et al., 1992, 1994;
ori et al., 1991; Nagano et al., 1997; Suzuki et al., 1991).
solation of protoplasts and inoculation of plants and
rotoplasts
Isolation of protoplasts from C. quinoa plants was
erformed essentially as described previously (Nagano
t al., 1997) with some modifications. Protoplasts were
solated from fully expanded leaves of 6- to 7-week-old C.
uinoa plants. The grade of cellulase was changed to
nozuka RS (Yakult Honsha). The isolated living proto-
lasts were collected by centrifugation of the suspension
ayered onto a 20% sucrose cushion. Protoplasts were
ncubated at 25°C for 24 h with continuous lightning in
he protoplast medium (Kroner and Ahlquist, 1992) buff-
red by the addition of 5 mM MES (Good’s buffer; 2-(N-
orpholino)ethanesulfonic acid).
The two youngest fully expanded leaves of 4-week-old
. quinoa plants were dusted with carborundom and
echanically inoculated with a mixture of in vitro tran-
cripts corresponding to RNAs 1, 2, and 3 at a concen-
ration of 0.1 mg/ml per leaf. The inoculated leaves were
hen rinsed by water. The inoculated plants were cul-
ured in a plant growth room at 24 6 1°C with illumina-
ion for 16 h per day.
nalysis of RNA and protein
Northern hybridization and press blot analysis was
one as described previously (Nagano et al., 1997). In-
culated leaves were press-blotted at 1, 3, 7, and 14 days
.i. Probes specific for positive- or negative-strand BMV
NAs (Kaido et al., 1995) and for CMV RNAs (Nagano et
l., 1997) were described previously. These probes were
32abeled with [a- P]UTP, and the radioactive signals on
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233MP AND CP COMPATIBILITY IN VIRUS MOVEMENThe membrane were quantified with a digital radioactive
maging analyzer (Fujix BAS 2000, Fuji Photo Film).
Infected protoplasts (1.5 3 105) were collected and
esuspended in Laemmli’s sample buffer (Laemmli,
970). Proteins in the suspension were separated by
lectrophoresis on 12.5% polyacrylamide gels containing
.1% SDS (SDS–PAGE). Immunoblot analysis (Towbin et
l., 1979) was carried out using an Immobilon-P transfer
embrane (Millipore). Polyclonal rabbit antiserum raised
gainst BMV, CMV (Nagano et al., 1997), the CMV MP
generous gift from P. Palukaitis and I. B. Kaplan), or
ouse antiserum against the BMV MP (Fujita et al., 1998)
as used for the first antibody, and they were labeled by
lkaline phosphatase-conjugated goat secondary anti-
ody, appropriate for the first antibody.
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